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In Brief
In this study Fu et al. visualize the shortlived post-termination 70S$RRF$EF-G complex before the onset of recycling, and show that IF3 displaces tRNA on the 30S subunit in one possible recycling pathway. This study thus demonstrates the potential of time-resolved cryo-EM in depicting short-lived states of molecular interactions.
INTRODUCTION
Ribosome recycling is one of four major stages of protein synthesis, following initiation, elongation, and termination (Ramakrishnan, 2002) . After termination, an mRNA-containing ribosome complex with a deacylated tRNA in the P site (post-termination complex, PostTC) is targeted for recycling by the concerted action of ribosome-recycling factor (RRF) and elongation factor G (EF-G). During recycling the PostTC is split into its large (50S) and small (30S) subunits in a guanosine triphosphate (GTP) hydrolysis-dependent manner for a new round of initiation (Hirashima and Kaji, 1973; Zavialov et al., 2005) . Regarding the molecular mechanism of ribosome recycling, it was found that the shape of the crystal structure of RRF from Thermotoga maritima superimposes almost perfectly with that of a tRNA (Selmer et al., 1999) . This finding prompted speculations that RRF binds to the A site of the ribosome as a peptidyl-tRNA mimic and is then translocated by EF-G by a mechanism akin to canonical mRNA-tRNA translocation. However, site-directed hydroxyl radical cleavage assays (Lancaster et al., 2002) , cryo-electron microscopy (cryo-EM) (Agrawal et al., 2004; Barat et al., 2007; Gao et al., 2005; Yokoyama et al., 2012) , and X-ray crystallography (Borovinskaya et al., 2007; Dunkle et al., 2011; Wilson et al., 2004) of ribosome-RRF complexes indicated that the position of RRF bound to the ribosome is distinct from that of an A-site tRNA. Binding of RRF stabilizes a fully rotated state of the ribosome, with the P-site tRNA moved to the hybrid P/E binding state (Dunkle et al., 2011) . Domain I of RRF is important for its binding to the ribosome. Domain II of RRF is connected to domain I by two flexible linkers, which permit relative domain rotation (Weixlbaumer et al., 2007) . Comparison of the various crystal structures of RRF (Kim et al., 2000; Nakano et al., 2003; Toyoda et al., 2000) with its solution structure (Yoshida et al., 2001) , NMR relaxation experiments , and a study of mutations around the hinge region (Toyoda et al., 2000) have demonstrated that such a rotation does take place and suggested that the flexibility of the hinge region is functionally important. In a cryo-EM study it has been shown that when Thermus thermophilus RRF (ttRRF) binds together with Escherichia coli EF-G to the E. coli ribosome (Yokoyama et al., 2012) , domain II of ttRRF is rotated by a large angle. The physiological relevance of these findings is uncertain because this heterologous combination does not have authentic recycling activity either in vitro (Raj et al., 2005) or in vivo (Fujiwara et al., 1999; Ito et al., 2002; Toyoda et al., 2000) . Another player in ribosome recycling is initiation factor 3 (IF3). After separation of the ribosomal subunits this factor binds to the 30S subunit to prevent its rebinding to the 50S subunit. According to one model of ribosome recycling (Hirokawa et al., 2006) , in which the tRNA already leaves the PostTC upon action by RRF and EF-G, this is the only role of IF3. In another model, the deacylated tRNA stays bound to the 30S subunit until the ribosome has been split, and IF3 has the additional role to accelerate dissociation of deacylated tRNA, which in turn speeds up dissociation of mRNA from the 30S subunit (Karimi et al., 1999) . The mechanism of action of RRF and EF-G in the recycling of the bacterial ribosome poses a major puzzle that has defied exploration by existing techniques of structure research. Ribosome recycling entails transitions between structural intermediates of the ribosome, driven by domain movements of EF-G and RRF, which, in turn, are driven by the free energy liberated upon EF-G-catalyzed GTP hydrolysis (Savelsbergh et al., 2009 ). This sequence of events implies the existence of short-lived ribosome structures that unlock the interactions of the ribosomal subunits and allow their rapid separation by the concerted action of EF-G and RRF. It would, in principle, be possible to visualize one of these structures by locking the recycling process in an intermediate state, e.g., by replacing GTP with one of its non-hydrolyzable analogs. The caveat here is that the relevance of the visualized structure would be difficult to assess in this process. Furthermore, all such efforts to artificially lock the ribosome in an intermediate recycling state with active EF-G and RRF of the same species have failed. The only 70S ribosome visualized in complex with both of these translation factors is the above mentioned complex with EF-G from E. coli and RRF from T. thermophilus (Yokoyama et al., 2012) .
This short outline may serve to underline the urgent need for an experimental method that allows both the determination of structures that appear in sequential transients and the examination of the kinetic order in which they appear. If successful, this method would be applicable not only to the study of ribosome recycling but also of a variety of other fast processes presently out of reach for structural and dynamics studies such as initiation of mRNA translation, peptide elongation, termination of translation, and recycling of class-1 release factor by a class-2 release factor.
Recent kinetic experiments (Borg et al., 2016) have shown that ribosome recycling occurs in the subsecond time range, offering C rate constant estimates were obtained and interpolated from experimental estimates of the corresponding rate constants at 20 C and 37 C using the Arrhenius equation (Table S2) .
[ hope that reaction intermediates can be captured by a recently established technique of time-resolved cryo-EM, which operates in the same time frame (Chen et al., 2015; Lu et al., 2009; Shaikh et al., 2014) . In this mixing-spraying setup of time-resolved cryo-EM, a monolithic silicon chip is used to mix and react two solutions for pre-set times, followed by spraying the reaction product onto an EM grid that is being plunged into liquid cryogen. In the present study we have used this method to study the ribosome recycling driven by native RRF, EF-G, and GTP. Our results, obtained by single-particle reconstruction aided by 3D maximum-likelihood classification, unequivocally show RRF and EF-G bound together to an authentic PostTC within the time window predicted from the kinetic analysis.
RESULTS

Biochemical Characterization and Computer Simulations
In a recent study we performed real-time ribosome splitting experiments by the stopped-flow technique with Rayleigh light scattering detection at 37 C (Borg et al., 2016) . By complementing these experiments with measurements of EF-G-dependent GTP hydrolysis, the complete kinetic mechanism of ribosome recycling was identified and its rate constants at 37 C were estimated (Table S1 and Figure S1 ). In these experiments it was found that EF-G competes with RRF for binding to the PostTC, leading to inhibition of recycling and futile GTP hydrolysis cycles at comparatively high EF-G concentration. Ribosome splitting is efficient and takes place in the milliseconds range. According to the ribosome splitting model proposed by Borg et al. (2016) , RRF binding to the PostTC is followed by EF-G binding to the PostTC$RRF complex, which in turn triggers the splitting of the subunits (see the simplified reaction scheme in Figure 1A ). As the time-resolved cryo-EM apparatus is operated at room temperature, we repeated the previous kinetic experiments (Borg et al., 2016 ) also at 20 C (Table S2 and Figure S2 ). Most association and dissociation rate constants were between threeand ten-fold smaller at 20 C than at 37 C, and the maximal splitting rate (k max ) was estimated as 1.3 s À1 at 20 C and 25 s À1 at 37 C. As it turned out, the actual cryo-EM experiments were performed at $26 C, and we used the Arrhenius equation (see Equations 1 and 2 in the Supplemental Experimental Procedures) to estimate the rate constants at this temperature from the 20 C and 37 C data (Tables S1 and S2 ). These rate constants show that the highest value of the maximal PostTC$RRF$EF-G fraction can be obtained by pre-incubating the PostTC with high concentration of RRF. In this way, idling of EF-G on the factor-free PostTC can be curbed by reducing the frequency with which ribosomes enter the vertical branch of the reaction scheme (Figure 1A) . At 45 mM [RRF] and 10 mM [EF-G] the fraction of the PostTC$RRF$EF-G complex peaked at around 100 ms, constituting almost 70% of the ribosomes (see Figure 1) . We therefore used the closest available reaction chip, with 140 ms total reaction time, for the time-resolved cryo-EM experiment. To confirm the completeness of the recycling reaction, we performed a longincubation experiment (see Experimental Procedures).
Altogether in this study we obtained 13 cryo-EM structures of the 30S subunit, 50S subunit, and 70S ribosome complexes from 3D classification of data collected under three experimental conditions: control experiment (details are in the next section), at the 140 ms time point, and after long (30 min) incubation. They are listed with their abbreviations in Table 1 . Henceforth, we refer to the structures with these abbreviations.
Control Experiment Confirming the Stability of the RRF-Bound Post-termination Complex
We performed a control experiment in the absence of EF-G and IF3 to validate the purity and stability of the RRF-bound PostTC during its passage through the mixing and reaction channel of the microfluidic device. For this experiment we employed a device with a reaction time of 560 ms, having the longest reaction channel among the presently available devices. The preparation of a time-resolved grid followed the procedure of Chen et al. (2013) . We injected a mixture containing PostTC (2 mM) incubated with RRF (90 mM) in polymix buffer, supplemented with components for energy regeneration, into inlet 1 and only polymix buffer along with the components for energy regeneration into inlet 2 of the microfluidic device. Equal volumes of the two reaction solutions were rapidly mixed inside the mixing channel and sprayed onto the EM grid, which was immediately plunged into liquid ethane. Details of data collection and processing can be found in the Supplemental Experimental Procedures.
In the dataset obtained from the control experiment, no 50S or 30S subunits were observed, and only a single 70S ribosome structure class was identified with $9,000 particles (Figure 2 ), which yielded a 10 Å -density map of the 70S ribosome in rotated conformation carrying a P/E tRNA and an additional mass of density in the inter-subunit space that could be readily attributed to RRF (Borovinskaya et al., 2007) (Figure 2B ). Henceforth we refer to this map obtained in the control experiment as the PostTC$RRF control complex (see Table 1 ). (10) In the control experiment, EF-G and IF3 were left out. Structures obtained at 140 ms are subscripted with ''140.'' RRF, ribosome-recycling factor; EF-G, elongation factor G; IF3, initiation factor 3. In the long-incubation experiment (subscripted ''long''), samples are incubated first, then forced through the time-resolved apparatus for spraying. Note that all the experiments were done with the same time-resolved apparatus. In the PostTC$RRF control complex (10 Å ) obtained in the control experiment, RRF adopts the same conformation ( Figure 2B ) as in the structures published previously (Agrawal et al., 2004; Gao et al., 2005) (EMD: 1128 and 1077). However, a closer analysis of one of the maps (Agrawal et al., 2004 ) (EMD: 1077 , where no 3D classification was employed, shows that domain II actually appears in two positions; a majority density, equivalent to the presently observed one, and a minority density, the latter only seen when the density threshold was lowered in their map. In our studies domain I of RRF in the PostTC$RRF control complex is seen to reach into the interface canyon of the 50S subunit and to make contact with several parts of the 23S rRNA (Figure 2B) . The elbow between the two RRF domains faces the L7/L12 stalk base and the a-sarcin-ricin loop region of the 50S subunit. Domain II of RRF is found in a single conformation, pointing toward the shoulder of the 30S subunit, and contacting protein S12 ( Figure 2B ). No density is observed to extend toward the stalk base of the 50S subunit, even when the density threshold is reduced. We note that this conformation is quite different from that observed by Yokoyama et al. (2012) . In their ttRRF-bound PostTC, although domain I of RRF binds similarly to the 50S subunit as in our structure, domain II is rotated about the long axis of domain I toward the 50S subunit (see Figure S3 ).
Observed Structures of the 70S Recycling Complex at 140 ms
In the time-resolved cryo-EM experiment capturing the recycling reaction at the 140 ms time point, after mixing the RRF-bound PostTC with EF-G and IF3, we identified three major classes of 70S ribosome particles by 3D classification of 45,000 particles. The first class yields a map quite similar to the one in the first control experiment, except that the resolution is 15.5 Å . Henceforth we refer to this complex as PostTC$RRF 140 (Table 1) .
The second class yields an RRF-bound non-rotated 70S complex (NR-PostTC$RRF 140 ). Compared with PostTC$RRF, this complex displays three striking differences. First, while the 70S ribosome adopts the non-rotated state in NR-PostTC$RRF 140 , it adopts the rotated state in PostTC$RRF control (Figure 3 ). Related to this change, the L1 stalk of the 50S subunit is half-closed in NR-PostTC$RRF 140 , but fully closed in PostTC$RRF control . Second, NR-PostTC$RRF 140 contains no tRNA density, while PostTC$RRF control contains P/E tRNA (Figure 3 ). The third difference is related to the position of RRF: in NR-PostTC$RRF 140 , compared with PostTC$RRF control , the whole domain I of RRF is shifted toward the peptidyl-transfer center by 5 Å , and domain II makes contact with the stalk base of the 50S subunit. Clearly, in NR-PostTC$RRF 140 there is no interaction between domain II of RRF and the 30S subunit, whereas in PostTC$RRF control , domain II of RRF is in contact with protein S12.
The third class of 70S ribosome particles yields a complex that has both RRF and EF-G bound to the ribosome in the rotated state, and contains density for P/E tRNA (PostTC$RRF$EF-G 140 ; Figure 4 ). Here domain II of EF-G make contact with the 30S subunit while domain III of EF-G appears disordered in this map, indicating residual unresolved heterogeneity of this class. Domain IV of EF-G contacts domain II of RRF, while domain V interacts with the 50S subunit. Regarding the mechanism of ribosome splitting, it is believed that it involves a movement of RRF domain II with respect to domain I upon EF-G binding (Gao et al., 2005 (Gao et al., , 2007 . Domain II is initially (in PostTC$RRF control ) in contact with S12 on the small subunit. Due to the low local resolution of the factor binding site on PostTC$RRF$EF-G 140 , the density mass of domain II of RRF is fused with that of EF-G. Still, it is apparent that domain II is no longer in contact with S12, and the angle between domain I and II of RRF can be determined. Comparison with PostTC$ RRF control shows that upon binding of EF-G the angle between domains I and II of RRF decreases by approximately 20 so that domain II points toward h44 ( Figure 5 ). By comparison, for the heterologous E. coli PostTC$ttRRF complex Yokoyama et al. (2012) obtained results that are quite different. In that study, domain II is initially in contact with the stalk base of the 50S subunit and, upon EF-G binding, a large decrease in the angle between domains I and II of RRF (75 ) takes place as domain I moves from a position where it contacts the 50S subunit side to one where it points toward the side of the 30S subunit. In addition, they observe a shift of RRF by 8 Å toward the E-site tRNA.
50S Subunit Complexes Observed at the 140 ms Time Point
We found two classes of RRF-and EF-G-containing 50S subunits at 140 ms, distinguished by the presence or absence of an E-site tRNA (''50S$RRF$EF-G$tRNA 140 '' and ''50S$RRF$EF-G 140 ''). RRF on the 50S subunit is in the same position as observed previously by our group (Gao et al., 2005) . We compared the conformation of RRF in our PostTC$RRF 140 with 50S$RRF$EF-G 140 , In the other 50S complex, 50S$RRF$EF-G$tRNA 140 , we see E-site tRNA on the 50S subunit, matching the position of E-site tRNA density from T. thermophilus or E. coli 70S ribosomes (Schmeing et al., 2003) . The L1 stalk is in the half-closed conformation, as it is in the non-rotated 70S ribosome in the presence of the E-site tRNA (Ré blová et al., 2012) . The elbow region of the tRNA is interacting with the L1 stalk, and its CCA end is in contact with H88 of 23S rRNA. The anticodon loop of the tRNA becomes visible when the density threshold level is reduced.
30S Subunit Observed at the 140 ms Time Point
In our tRNA-bound 30S complex map (30S$tRNA, 11 Å ) obtained at the 140 ms time point, a mass of density for tRNA is observed ( Figure 7A ). Superimposition of our map with the 30S subunit portion of the initiation complex of Allen et al. (2005) (EMD: 3523) locates the tRNA to the P/I position, with the tRNA elbow shifted toward the E site ( Figure 7A ). Thus, even in the absence of initiation factor 2 (IF2), tRNA alone on the 30S subunit occupies the P/I site. The same observation was made by Simonetti et al. (2008) for fMet-tRNA fMet in the initiation complex from T. thermophilus. Density for mRNA is also observed (not shown in Figure 7A for simplicity). In the other 30S complex obtained by classification (30S$IF3) we find density for IF3 but not tRNA. However, the resolution of this class (22 Å ) is limited because of the small number of particles (data not shown).
Observed Structures of the 30S and 50S Subunits after a Long Reaction Time
To quantify the splitting reaction and obtain a better resolution for the 30S$IF3 complex, we collected additional data with a reaction time of 30 min, by mixing the RRF-bound PostTC with EF-G and IF3 in a test tube. To make the results strictly comparable with those in the time-resolved experiment, the reaction product was forced through the 140 ms chip for spraying and plunging of the EM grid. As we expected, by that time all 70S ribosomes have split, and all 30S subunits are bound with IF3. With about 9,000 particles in the 30S$IF3 class, we solved the structure of this complex to 9 Å ( Figure 7B ). The binding location of IF3 to the 30S subunit has been controversial in the field even though studies on IF3 have been carried out with cryo-EM (Juliá n et al., 2011; McCutcheon et al., 1999) , chemical and sitedirected probing (Dallas and Noller, 2001; Fabbretti et al., 2007) , and crystallography on 30S subunits soaked in IF3 solution (Pioletti et al., 2001 ). In our 30S structure bound with IF3, we see a clear density for the C-terminal domain of IF3 at the h44 location and its N-terminal domain in the platform region ( Figure 7B ). Unexpectedly, we still observe mRNA density in this complex as well ( Figure 7B ). For the 50S subunit, we observe four classes. Two of these (50S$RRF$EF-G long and 50S$RRF$EF-G$tRNA long ) match the 50S subunit classes observed at 140 ms, while the others lack EF-G and are new (50S$RRF$tRNA long and 50S$tRNA long ). In 50S$RRF$tRNA long , domain I of RRF is bound at the same position as in the 50S$RRF$EF-G$tRNA and 50S$RRF$EF-G complexes. Domain II of RRF is in contact with the stalk-base region of the 50S subunit.
DISCUSSION
In this study we present a snapshot of the transient structure of an E. coli post-termination ribosome on the pathway to its splitting into subunits by E. coli RRF and EF-G in the presence of GTP. The RRF-and EF-G-bound post-termination ribosome has previously been visualized only when locked by the presence of fusidic acid and with heterologous translation factors, RRF from T. thermophilus and EF-G from E. coli, not active in ribosome splitting. In our case the PostTC$RRF$EF-G 140 complex, which is a key intermediate in the ribosome-recycling process, was formed during the active splitting reaction by homologous translation factors, in the presence of GTP, with no antibiotics and without the help of any chemical intervention or mutation. The mixing-spraying method of time-resolved cryo-EM, which allows choosing reaction times in the range of tens of milliseconds to one second, was used to trap the short-lived complex on the EM grid. The complete mechanism of the ribosome-recycling reaction was biochemically characterized at 37 C in previous work and now at 20 C in an E. coli-based in vitro translation system with in vivo-like function. These data were used to identify the complete kinetic mechanism for ribosome recycling along with its kinetic parameters and their temperature dependencies. The experiments enabled us to estimate kinetic rates of ribosome splitting at 26 C, the temperature actually prevailing in our time-resolved cryo-EM experiments, and to optimize the experimental setup for high yield of the transient ribosome complex containing both EF-G and RRF.
At a reaction temperature of 26 C and a reaction time of 140 ms, the model predicted fractions of ribosomes in complex with EF-G and RRF or split into subunits of 55% or 28%, while the measured fractions were 20% or 40%, respectively. Part of the explanation for this kinetic discrepancy might be that some ribosomes form the tRNA-lacking NR-PostTC$RRF complex (Table 1) . This ribosome class is, we suggest, not an authentic intermediate on the ribosome splitting pathway. It was not identified by our biochemical experiments nor is it present in our kinetic model (Supplemental Experimental Procedures), which proposes that the P-site tRNA remains ribosome-bound until subunit separation (Borg et al., 2016) . As can be seen from the long-time incubation experiment, this class of ribosomes will also eventually be split. The latter result is in line with a previous observation that tRNA-lacking ribosomes can be split by RRF and EF-G, albeit more slowly than their tRNA-containing counterparts (Pavlov et al., 2008) .
Among the complexes identified by classification, the most interesting ones, in terms of their potential for providing new information on the recycling process, are PostTC$RRF 140 and PostTC$RRF$EF-G 140 , interpreted as successive complexes in which the latter is a short-lived ($100 ms) intermediate. A comparison between these complexes yields information about a rotation of RRF domain II toward domain I, into a position close to inter-subunit bridge B2a, that is potentially triggered by one of three events: binding of EF-G, GTP hydrolysis on EF-G, or Pi release, or a combination thereof. While EF-G binding and GTP hydrolysis closely follow each other, Pi release may follow with some delay. It is therefore likely that the map PostTC$RRF$EF-G 140 depicts a majority population of ribosomes that are in a state prior to Pi release. As to the study by Yokoyama et al. (2012) , there are major discrepancies compared with our results in both PostTC$RRF 140 and PostTC$RRF$EF-G 140 complexes, precluding a detailed comparison of their findings with ours. These discrepancies may originate, in part, with the construction of their complex from heterologous components. The conformational change between PostTC$RRF and PostTC$EF-G$RRF complexes indicated by the two maps suggests that EF-G assists the movement of domain II of RRF toward the bridge B2a and jointly acts with RRF to split the PostTC into the two subunits.
A related issue of biological importance is the disposition of deacylated tRNA and mRNA at the end of the recycling process, and the role of IF3. Our data from the 140 ms time point, showing two classes of the 30S subunit, bound either with tRNA or IF3, suggest that the post-termination deacylated tRNA remains initially with the 30S subunit and is subsequently removed by competitive binding of IF3. This conclusion is supported by the results of the long-time incubation study ( Figure 6 ) in which a sole class of 30S subunit, bound with IF3 is found, interpreted as the final state after all initially bound tRNAs have been displaced. Our results thus seemed to argue in favor of the model advocated by Zavialov et al. (2005) and against the view favored by Hirokawa et al. (2006) , according to which the tRNA leaves the PostTC already during the splitting reaction. On the other hand, our finding that mRNA remains with the IF3-bound 30S complex in the long-time incubation study indicates that for our choice of mRNA the recycling process is not finished. It was very recently suggested to us that the scenario advocated by Zavialov et al. may be one of two possible pathways, the selection of which is conditional on the strength of the interaction of the Shine-Dalgarno (SD) sequence of the mRNA and the anti-SD sequence of the 16S rRNA (B. Cooperman and A. Kaji, personal communication) . In fact, the mRNA used in our experiment has a strong SD sequence, and could be responsible for the selection of the observed pathway. Resolving this issue with the present method will require novel experiments with variegated strength of the SD sequence to allow detection of the presence or absence of mRNA.
Concerning the fate of the 50S subunit, its RRF-and EF-Gbound fraction is 100% at 140 ms and then decreases to 79% at the long reaction time. At 140 ms, 44% of the RRF-and EF-G-bound fraction contains and 56% lacks an E-site-bound tRNA. At long reaction time the fraction of RRF-and EF-G-bound ribosomes that contains an E-site tRNA increases to 82%. We tentatively interpret this to mean that splitting of the post-termination ribosome results in an RRF-and EF-G-containing 50S subunit lacking an E-site tRNA, and that this is the dominating 50S complex also at the 140 ms reaction time. With increasing reaction time RRF, EF-G, and deacylated tRNA will eventually reach the steady state for their 50S-bound and free forms that is observed at the long reaction time. By hypothesis, this would mean that the 50S subunit fraction with E-site-bound tRNA increases over time, in line with the recycling model by Zavialov et al. (2005) .
The present cryo-EM study of a very short-lived ribosome complex on the pathway to its splitting into subunits provides a proof of principle for cryo-EM visualization of short-lived, native The central bridge between 30S and 50S, B2a, involves h44 (yellow) and H69 (blue). S12 protein is shown in green. RRF domain II in orange shown by the fitting of PDB structure (PDB: 1EH1) into its density in the PostTC$RRF$EF-G 140 complex. For comparison with the RRF domain II in PostTC$RRF 140 (red), the rotational movement of domain II toward bridge B2a is shown with an arrow. The position of domain I (gray) is the same in these two complexes. h, head; sh, shoulder; sp, spur; Sb, L7/L12 stalk base. Thumbnails in the lower left depict the relationship of the views presented here to the view shown in Figure 2 . reaction intermediates in biological processes. This, we suggest, will open the door to high-resolution structural analysis of a wide range of previously inaccessible large biological complexes in their well-defined functional contexts. We also note that timeresolved cryo-EM can be used as a very powerful experimental technique for kinetic modeling of complex biochemical processes along with precise estimation of the kinetic parameters of these models. With this technique, and by virtue of the classification methods, essentially all intermediate large molecular complexes of a reaction pathway can be identified from their high-resolution cryo-EM structures, and their time evolutions can be precisely monitored by single-particle counting that is the byproduct of classification.
Currently time-resolved cryo-EM is still a somewhat cumbersome technique because of limitations to data collection yield, but we are optimistic that technological advances will soon allow the full potential of this method, with its deep integration of structural and functional approaches, to manifest in a multitude of experimental applications. It should be noted that a previous study using time-resolved cryo-EM of the back-translocation process (Fischer et al., 2010) had a time resolution in the minute range. It is the achievement of a time resolution in the more important 10 ms to 1 s range that has the potential of revolutionizing structural biology by facilitating studies of transient large molecular complexes operating in their proper biological contexts and time scales. In most of the studies carried out either with cryo-EM (Barat et al., 2007; Gao et al., 2005; Hirashima and Kaji, 1973; Yokoyama et al., 2012) or X-ray crystallography (Selmer et al., 1999; Weixlbaumer et al., 2007; Wilson et al., 2004) to understand the ribosome splitting mechanism, each complex was prepared separately using a chemical intervention. By employing time-resolved cryo-EM, in contrast, we have captured most of the transient structures that exist during ribosome splitting with a single biochemical preparation, which proves to be of advantage in terms of experimental control.
Concerning future directions of the present work on ribosome recycling, we will attempt to closely monitor the conformational dynamics, in the ribosome and in the translation factors, that lead to ribosome splitting. This type of study will have a good chance to answer the long-standing question of how EF-G and RRF interact both with each other and with the ribosome to achieve separation of the ribosomal subunits, and the role of the thermodynamic driving force provided by GTP hydrolysis in the process.
EXPERIMENTAL PROCEDURES
Preparation of Time-Resolved Cryo-EM Grids Quantifoil R1.2/1.3 300-mesh Cu EM grids were carbon coated and glow-discharged following standard procedures (Grassucci et al., 2007) . The ribosome-recycling reaction was performed using a mixing-spraying device
Figure 7. 30S Subunit Classes
(A) Interaction of P/I tRNA with the 30S subunit at 140 ms. Yellow, 30S subunit; green, P-tRNA; orange, P/I tRNA; red, P/E tRNA. The mRNA density is not shown for simplicity. (B) Interaction of IF3 with the 30S subunit at 30 min. h, head; pt, platform; b, body; bk, beak; sh, shoulder; sp, spur. The mRNA density is shown in dark blue. The density attributed to IF3 is segmented out in brown and fitted with the NTD (1TIF, red) and CTD (1TIG, purple) of the IF3 structure. Panels on the left show observed densities, those on the right show the comparison with positions of tRNA (Allen et al., 2005) and IF3 (McCutcheon et al., 1999) . (Lu et al., 2009 ) with an environmental chamber as described previously (Chen et al., 2015) , with a few minor alterations. During the experiment, the ambient conditions were maintained at 24 C-26 C and 80%-90% relative humidity. In the mixing-spraying chips equal volumes of two mixtures were injected, each at a flow rate of 3 mL/s.
Materials
Ribosomes (E. coli MRE600) and mRNA, encoding the peptide fMet-Phe-Thr(GGGAAUUCGGGCCC UUGUUAACAAUUAAGGAGGUAUUAAAUGUUU ACGUAAUUGCAGAAAAAAAAAAAAAAAAAAAAA [ORF in bold, SD underlined]), were prepared as described previously (Borg et al., 2016) . His-tagged EF-G and RRF were overexpressed in E. coli and purified by nickel-affinity chromatography. tRNAPhe was overexpressed in, and purified from, E. coli. All experiments were performed in polymix buffer, containing 95 mM KCl, 5 mM NH 4 Cl, 0.5 mM CaCl 2 , 8 mM putrescine, 1 mM spermidine, 5 mM potassium phosphate (pH 7.5), 1 mM dithioerythritol, and 5 mM Mg(OAc) 2 . All reaction mixtures also contained components for energy supply: GTP (1 mM), ATP (1 mM), phosphoenolpyruvate (10 mM), pyruvate kinase (50 mg/mL), and myokinase (2 mg/mL).
Control Experiment
A PostTC mixture was prepared containing 70S ribosomes (2 mM), RRF (90 mM), tRNA Phe (5 mM), and MFT mRNA (10 mM). A second mixture was prepared containing only polymix buffer and components for energy regeneration. The two mixtures were incubated for 15 min at 37 C and then kept on ice. They were then centrifuged for 3 min at 20,800 3 g before being loaded into the mixing-spraying device. Equal volumes of the two mixtures were rapidly mixed in a reaction chip with 560 ms total incubation time, i.e., from mixing to freezing on the EM grid.
Time-Resolved Cryo-EM Experiment A PostTC mixture was prepared containing 70S ribosomes (2 mM), RRF (90 mM), tRNA Phe (5 mM), and MFT mRNA (10 mM). A recycling mixture was prepared containing IF3 (16 mM) and EF-G (20 mM) and components for energy regeneration. The two mixtures were incubated for 15 min at 37 C and then kept on ice.
They were centrifuged for 3 min at 20,800 3 g before being loaded into the mixing-spraying device. Equal volumes of the two mixtures were rapidly mixed in a reaction chip with 140 ms total incubation time, from mixing to freezing on the EM grid. In the long-incubation experiment, equal volumes of the two mixtures were mixed and incubated for 25 min at 26 C. Then the reaction mixture was split into two halves and loaded into the mixing-spraying device. The EM grid was made in the same way as in 140 ms time-resolved cryo-EM experiment. The total reaction time was roughly estimated to be 30 min (25 min incubation and 5 min preparation of EM grid with the mixing-spraying device).
Data Acquisition
The grids were imaged using an FEI Tecnai Polara transmission electron microscope operated at 300 kV and at a nominal magnification of 331,000. Datasets were collected with Leginon ) on a K2 Summit direct electron detector (Gatan) with a physical pixel size of 5 mm, corresponding to 1.255 Å per pixel at the specimen in electron-counting mode. The dose rate was set to eight counts per physical pixel per second. The total exposure time was 10 s. Fifty frames were recorded. All images were taken with a defocus in the range of 1.5-3 mm.
Image Processing
For the control experiment dataset, after assessment of the micrographs, 963 micrographs were selected for subsequent processing. For the 140 ms experiment and long-incubation dataset, 947 and 881 micrographs were selected, respectively, for subsequent processing. To correct for stage movement and beam-induced movements, all 50 frames of each micrograph were aligned (Li et al., 2013) . Particle picking was done with RELION-1.3 (Scheres, 2012) and manually checked. For the control experiment, all picked particles were classified into four classes. One class that did not conform to the known shapes of ribosomes was rejected. Good classes were pooled and reconstructed with auto-refinement in RELION.
For the 140 ms experiment, classification was done in four steps. In a first step, it is performed with low-pass-filtered reference maps and four-times binned particle images to separate the data into 30S subunits, 50S subunits, and 70S ribosomes. The next level of classification resolved conformational differences, and two classes were obtained, ''non-rotated 70S'' (NR70S) and ''rotated 70S'' (RT70S), based on the presence or absence of inter-subunit rotation. The RT70S class was further divided into two subclasses, one (PostTC$RRF 140 ) identical (save for the difference in resolution) to the control complex (PostTC$RRF control ), and the other one (PostTC$RRF$EF-G 140 ). Using focused classification, by applying a soft-edged mask to the EF-G and RRF binding region, we found no evidence of subclasses in PostTC$RRF$EF-G 140 . The 50S subunit class was resolved into two subclasses of RRF-and EF-G-containing 50S subunits, distinct by the presence or absence of an E-site tRNA (''50S$RRF$EF-G$tRNA 140 '' and ''50S$RRF$EF-G 140 ''). The 30S subunit class was resolved into two subclasses, one bound with tRNA in the P/I position (''30S$tRNA 140 '') and the other with IF3 (''30S$IF3 140 '').
For the long-incubation experiment, in the first step of classification, we found two classes, 50S and 30S subunits. At the next level, particles of pooled particles of 30S subunits and 50S subunits were classified into subclasses. All of the 30S subunit was found to be bound with IF3. For 50S subunits, four classes were found, 50S$RRF$EF-G long , 50S$RRF$EF-G$tRNA long , 50S$RRF$tRNA long , and 50S$tRNA long .
ACCESSION NUMBERS
The electron microscopy maps have been deposited in the EMBL-European Bioinformatics Institute EM Databank under accession codes EMD: 8411, 8412, 8413, 8415, 8416, 8417, and 8418 (PostTC$RRF control Table S2 . Related to Figure 1 . Estimated values of the rate constants involved in the ribosome recycling reaction at 20 °C and 37 °C. Values at 26 °C were calculated using the Arrhenius equation.
Supplemental Experimental Procedures
The control experiment
In the control experiment, a post-termination complex mixture was prepared containing 70S ribosomes (2 μM), RRF (90 μM), tRNA Phe (5 μM) and MFT mRNA (10 μM). A recycling mixture was prepared containing only polymix buffer and components for energy regeneration. The two mixtures were incubated for 15 min at 37 °C and then kept on ice. They were then centrifuged for 3 min at 20,800xg before being loaded into the mixing-spraying device. Equal volumes of the two mixtures were rapidly mixed in a reaction chip. Including the periods of time elapsed for spraying and plunging, the total incubation time was 560 ms. The grids were imaged using on an FEI F30 Polara electron microscope (FEI, Oregon, USA) at 300 kV controlled by the automated image collection program Leginon .
Micrographs were recorded on the Gatan K2 Summit camera (Gatan, Pleasanton, CA) in counting mode and a pixel size of 1.255 Å. A total of 963 micrographs were selected for subsequent processing. Good micrographs were selected based on micrographs quality as judged by CTF. Particle picking was done with Relion 1.3 and then manually checked. In the control experiment, about 18k particles were picked from 963 micrographs, which were drift-corrected. CTF estimation was conducted on aligned micrographs with CTFFIND3. All the particles were classified into four classes. About 11k particles were regrouped and reconstructed with auto-refinement.
The 140 ms experiment
In the ribosome recycling experiment, post-termination complexes (2 µM) incubated with RRF (90 µM) were injected through channel A. In channel B we injected a mixture containing EF-G (20 µM) and IF3 (16 µM). Both mixtures were prepared in polymix buffer supplemented with the components for energy supply, and were rapidly mixed in a chip that, including the time for spraying and plunging, provided a total incubation time of 140 ms. The grids were imaged in the same way as in the control experiment. A total of 947 micrographs were selected for subsequent processing. Good micrographs were selected based on micrographs quality as judged by CTF. Particle picking was done with Relion 1.3 and then manually checked. About 55,000 particles were pooled for 3D classification analysis.
Data analysis and classification.
In order to disentangle different subpopulations from the structurally and compositionally heterogeneous sample, we used multistep Relion-based classification methods (Scheres, 2012a, b) . In each classification step, images that did not conform to the known shapes of ribosomes or their subunits were rejected. In total, seven classes of different compositions and conformations were identified.
